ABSTRACT A planar multifunctional four-port antenna system integrated on one substrate applied in the suburban mobile tablet is presented in this paper. The types of these antennas are selected based on different functions and the interactions between them are analyzed and reduced. Two identical T-shaped printed monopole antennas are designed for the MIMO mobile ad-hoc networks (MANET) application. The mutual coupling between the ports of these two MANET antennas is decreased by introducing a decoupling metal strip loaded with an inductor. Two horizontal printed dipoles with parasitic strips are developed to operate in the satellite navigation and communication frequency bands. Through the analysis of the interaction between the MANET antenna and satellite antennas, the satellite antennas with improved broadside radiation patterns are obtained. The performance stability of the proposed antenna system is verified by the investigation of the performances in different gestures. A prototype of the antenna system is fabricated and the measured results show that the proposed antenna system can cover the frequency bands of MANET communication, satellite navigation, and satellite communication with good performances. This proposed multifunctional antenna system is a good choice for the sub-urban mobile terminal systems.
I. INTRODUCTION
With rapid increase of the demand for the highly integrated mobile terminal devices, multi-functional terminal antenna has attracted a lot of research interest and has been actively investigated as one of the most important parts in the system. Interpersonal communication, satellite navigation and localization, and satellite communication are basic functions of the terminal devices. Therefore, different antenna types should be designed and integrated to simultaneously realize these performances. However, the design of the planar multifunctional integrated antenna system with wide bandwidth, good isolation, and light weight in limited space is always a challenge.
Omnidirectional pattern in horizontal plane is usually required for the MANET antenna used in sub-urban areas. Wideband monopole antenna [1] - [3] is a good candidate compared with dipole antenna. However, in order to increase the channel capacity, MIMO technology which needs more
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antenna elements is recently applied in communication systems. In this case, compact and wideband MIMO antenna system with good isolation is difficult to realize. Lots of work has been done to decrease the coupling between the ports of the two-port MIMO antenna, such as T-stub circuits [4] , electromagnetic band-gap (EBG) elements or split ring resonators (SRR) structures [5] , neutralization lines [6] , and so on. However, only two monopole elements are considered in these researches. Antennas for the satellite navigation and communication applications, which are required in a practical terminal antenna system are not included.
For satellite navigation and communication antennas, full hemispherical coverage of the antennas' radiation patterns is essential [7] , [8] . A large number of researches about the single satellite antenna with circular or linear polarizations have been reported in literature, for instance, patch antennas with slot or truncated corner [9] , [10] , quadrifilar helix antennas (QHA) [11] - [16] , and planar monopole antenna [17] . Recently, it has been proved that linear polarized antenna has a better performance for mobile terminal satellite navigation in sub-urban environment compared to the RHCP antenna [18] , [19] . Thus, linear polarization antennas are used in this paper for satellite antenna design which are also more achievable to be integrated with the MANET antennas. To the authors' knowledge, there are no papers about the integration of MIMO MANET, satellite navigation, and satellite communication antennas. The goal of this paper is to design a planar four-port antenna system in one tablet realizing these three functions with two MANET antennas, one satellite navigation antenna and one satellite communication antenna. After analyzing the interactions between these antennas based on the initial layout, different methods are used to reduce the impacts between each other. Then the improved multifunctional antenna system is proposed and its performances at different status are studied. Finally, a prototype of the proposed antenna system is fabricated and measured.
II. ANALYSIS AND DESIGN OF THE ANTENNA SYSTEM A. THE INITIAL LAYOUT OF THE ANTENNA SYSTEM AND ESSENTIAL CONSIDERATION IN DESIGN
As discussed in the above section, printed monopole antenna with omnidirectional pattern and wide bandwidth is a good candidate for the MANET communication application. To cover the frequency band of the MANET application (commonly 400 to 700 MHz), printed monopole antenna with CPW feeding technique (as shown in Fig. 1 (a) ) is applied in this paper. For the convenience of the integration, printed dipole antennas with horizontal polarization are arranged on the front side of the board for the satellite antennas (as shown in Fig. 1 (b) ). In order to obtain good isolation, the distances (d and d 1 ) between these two pairs of antennas should be as long as possible. However, due to the limitation of distances, decoupling technique should be introduced to further improve the isolation between the ports of the two MANET antennas when the four antennas are integrated. Besides, the misalignment (d 2 , Fig. 1 (c) ) between the monopole antenna and the feeding port of the dipole antenna may deteriorate the performance of the satellite antenna. Finally, other factors such as the shape of the monopole should also be considered to minimize the interactions between the different antennas. 
B. ANALYSIS OF THE INTERACTION BETWEEN TWO MANET ANTENNAS
According to the simulation, the initial CPW feeding single MANET and two-port MIMO MANET antennas are designed as shown in Fig. 2 . The printed ground of the monopole antennas is connected to the mainboard ground by the rotation shaft and the metal lines. The series inductor (L m = 1 nH) is used to enhance the impedance matching of each MANET antenna. To satisfy the requirement of the system, VSWR < 3 and gain in horizontal plane is higher than 0 dB are used to realize required packet loss rate and other performances. VSWR of the single MANET antenna around 700 MHz deteriorates with the increase of d but slightly changes around 500 MHz (see Fig. 3 ). However, for the two-port MIMO MANET antenna, VSWR around 500 MHz becomes worse with the increase of d due to the coupling between the two elements (shown in Fig. 4) .
To decrease the mutual coupling between the two MANET antennas, an isolation strip with inductor loaded is introduced (see Fig. 5 ). The distance between the inductor and the bottom end of the isolation strip is di. Since more energy is coupled to the isolation strip at the resonant frequency of the isolation strip, the coupling between the two ports at this frequency will be reduced compared with the case without isolation strip. The resonant frequency of the isolation strip changes with the variation of di and the value of the loaded inductor (see Fig. 5 and 6) due to the different effective lengths. The current distributions on the MANET antennas with and without isolation strip at 400 MHz are given in Fig. 7 . It shows that the current on the left MANET antenna is significantly reduced after introducing the isolation strip when port 1 is excited and port 2 is matched.
C. ANALYSIS OF THE INTERACTION BETWEEN THE MANET ANTENNA AND THE SATELLITE ANTENNA
In this part, the effect of the misalignment between these two antennas are studied. To simplify the analysis, one MANET antenna located in the middle of the device and satellite navigation antenna are simulated (as shown in Fig. 8 ). The satellite navigation antenna consists a feeding dipole and two parasitic metal strips.
For the navigation and location application in terminal devices, VSWR < 2 is a common requirement to ensure the performance of the system. Good impedance matching of the satellite antenna can be obtained by optimizing the size of the parasitic strips, the value of the loaded inductor, and the distance between the dipole and the ground when d 2 = 0. As shown in Fig. 9 , the impedance matching of the satellite antenna deteriorates when d 2 is not zero. However, the VSWR of the MANET antenna is barely affected by d 2 .
The couplings in the working frequency bands of the both antenna increase rapidly when the feeding port of the satellite antenna moves away from the symmetric line of the MANET antenna (see Fig. 10 ). Except for the VSWR and the isolation, the mislignment also has effect on the radiation pattern of the satellite antenna. Fig. 11 shows the radiation patterns of these two antennas at 1.606 and 0.5 GHz, respectively, when d 2 changes. The maximum direction of the satellite antenna's radiation pattern in the E-plane deviates from 90 • when d 2 = 0. However, the variation of d 2 has slight effect on the horizontal radiation pattern of the MANET antenna. Therefore, the feeding ports of the two satellite antennas should be respectively arranged on the symmetric lines of the two MANET antennas to obtain the optimal broadside patterns.
In order to reduce the height of the MANET antenna, T-shaped part is used at the top of the monopole. However, since the maximum gain of the satellite antenna is in the upper hemispherical space, the T-shaped part at the top of the MANET antenna will block and reflect a part of the electromagnetic wave radiated from the satellite antenna. Therefore, the size of the T-shaped structure should be carefully designed to avoid deteriorating of the radiation pattern of the satellite antenna. Radiation patterns are given in Fig. 12 (a) when the length of the T-shape part (w 2 ) varies from 40 to 60 mm at 1.575 GHz. It can be seen that the front and back ratio (FBR) becomes smaller and the gain is lower with the increase of w 2 . By changing the working frequency of the dipole antenna to the satellite communication frequency (S-band), much more effects of w 2 can be found at 1.995 GHz (Fig. 12 (b) ). Therefore, w 2 should be optimized in order to get a high gain and a better FBR. At the same time, good performances of the MANET antenna should be ensured.
D. THE PROPOSED MULTIFUNCTIONAL ANTENNA SYSTEM
Through the analysis above and further optimization, the final multifunctional antenna system is proposed. The geometry of the proposed antenna system is shown in Fig. 13 . MANET antennas realized by two identical CPW feeding monopole antennas are printed on the back side of the substrate. Two matching inductors with the same inductance value of Lm = 1 nH and two stubs located at both sides of the board are introduced to enhance the impedance matching of the MANET antennas. The distance between the matching inductor and feeding port is 1 mm. To improve the isolation, an isolation strip loaded with an inductor (L1 = 50 nH) is introduced on the front side of the substrate. The satellite navigation and the communication antennas which are orthogonal to the MANET antennas are also printed on the front side of the substrate. The satellite navigation antenna consists of one exciting dipole and two parasitic metal strips below the dipole. For the satellite communication antenna, except for the exciting dipole and two metal strips above the dipole, a longer metal strip below the exciting dipole is also VOLUME 7, 2019 introduced as a reflector to improve the front-to-back ratio of the radiation pattern. The planar ground is connected to the mainboard ground by a rotation shaft using metal strips.
The printed circuit board is FR4 substrate with a relative permittivity of ε r = 4.5, a loss tangent of tan δ = 0.02, a thickness of 0.8mm, and total dimensions of 218.5 mm × 133.5 mm. An plastic housing with ε r = 2.9, tan δ = 0.009, thickness of 1 mm is added in the simulation and the experiment.
E. PERFORMANCE STABILITY ANALYSIS IN DIFFERENT STATES
In practical scenarios, the angle between the antenna panel and the mainboard usually changes from 90 • to 180 • . Therefore, it's necessary to keep the performances of the antenna system stable when the angle varies. In this part, the VSWRs and the radiation patterns of each antenna with different angles are studied. The VSWRs of the MANET antennas under three different angles are depicted in Fig.14 The same phenomenon can be found in the operating frequency bands of the two satellite antennas (See Fig. 15) . Figure 16 gives the comparisons of the radiation patterns in the plane which is perpendicular to the antenna panel and parallel to the dipole antennas when the angle changes from 90 • to 180 • with port 1 being excited. Because the current on the mainboard can't be ignored when port 1 is excited, the total electric field strength in the far field at the same point is different when the angle changed. However, the radiation patterns in the whole band are still approximately omnidirectional. The radiation patterns of the two satellite antennas are all towards the upper hemispherical space and slightly different at varied angles due to the minor reflections of the mainboard (See Fig. 17 ).
III. RESULTS AND ANALAYSIS
A prototype of the proposed multifunctional antenna system is fabricated and measured. The photograph of the fabricated antenna system is shown in Fig. 18 . The substrate in the fabrication is the same with the one used in the simulation.
All the results are measured when θ = 180 • . The radiation patterns of the two satellite antennas are measured in a SATIMO anechoic chamber.
Simulated and measured VSWRs of the two MANET antennas are depicted in Fig. 19 . The measured impedance bandwidths (VSWR < 3) of the left and the right MANET antennas are 668 MHz (from 292 to 960 MHz) and 392 MHz (from 316 to 708MHz), respectively. The measured bandwidth is about 65 MHz lower than that of the simulation due to the fabrication and assembly tolerances such as the length of the metal lines, the connection between the transition cavity and the mainboard, and the effects from the feeding coaxial cables. Fig. 20 shows the simulated and measured isolations between the two MANET antennas. Although the measured isolation is slightly higher than the simulated result at some frequencies, the coupling between the two ports inside the overlapped operating band (from 316 to 708 MHz) is still lower than 10 dB.
Because of the limitation of the experimental condition, the radiation patterns of the MANET antennas are not measured. The simulated radiation patterns in horizontal plane (H-Plane) of the two MANET antennas are approximately omnidirectional (shown in Fig. 21 ). The simulated maximum gains are higher than 0 dB from 400 to 678 MHz (see Table 1 ). cover the uplink and downlink bands of the S-band satellite communication.
The measured radiation patterns of satellite navigation antenna at 1.268, 1.561, 1.575 and 1.602 GHz are shown in Fig. 23. Fig. 24 depicts the measured radiation patterns of the satellite communication antenna at 1.995 and 2.185 GHz. The measured results show that the radiation patterns of these two satellite antennas are broadside with maximum gains in the upper space. The measured maximum gains of these two bands which are higher than 3.24 dB are shown in Table 2 .
IV. CONCLUSION
A planar multifunctional four-port antenna system suitable for MIMO MANET, satellite navigation, and satellite communication applications is proposed in this paper. The interactions between the antennas in the system are analyzed. Decoupling effects of the isolation strip for the two MANET antennas are investigated and enhanced. And the relative position of the MANET antennas and satellite antennas is optimized after the analysis of the misalignment between these two types of antennas. Apart from that, maximum gains for the satellite antenna are obtained by optimizing the T-shaped part of the MANET antenna. Simulation of the different practical gestures has been done to validate the stable performance of the proposed antenna system. This antenna system can be easily fabricated with one single substrate and integrated in the sub-urban mobile tablets in the future. 
